To prospectively determine sensitivity and specificity of breast magnetic resonance (MR) imaging in a screening and symptomatic population by using independent double reading, with histologic or cytologic results or a minimum 18-month follow-up as the standard.
many places with radiologists of all levels of experience and so it must be robust enough for this environment (12) .
At the start of the MARIBS study, a symptomatic cohort was examined in each center by using the study's MR imaging protocol to familiarize the radiologists with the reading protocol and to validate the diagnostic scoring system. Most centers also screened women at high risk for breast cancer in parallel with these cases. It should be noted that at the start of the study in 1997, the coronal plane and the method of dynamic analysis were new to many of the radiologists. In conformity with practice widespread in the UK National Health Service Breast Screening Programme, a decision was made to have all study results for both symptomatic and screening cases double reported. Thus, the purpose of our study was to determine prospectively the sensitivity and specificity of MR imaging for detection of breast cancer in a screening and in a symptomatic population by using independent double reading, with histologic or cytologic evaluation or a minimum of 1 year of follow-up as the reference standard.
MATERIALS AND METHODS
The national study was supported by a grant from the UK Medical Research Council. The cost of the MR examinations was paid for from subvention funding for research from the UK National Health Service. The protocol is based in part on developments supported by Can- 
Study Population
All participating patients provided written informed consent. Ethical approval was given by the North Thames Multicenter Research Ethics Committee and by the local research ethical committees for the 18 centers.
Interpretations of studies from 1541 examinations were used in the reader performance analysis. Each MR study was read by two independent blinded radiologists, for a total of 3082 readings. Fortyfour radiologists contributed to this analysis by reading studies from between one and 509 examinations each (median, 37; interquartile range, 8.0 -95.5). The mean patient age at the time of the MR imaging was 42.2 years (range, 23-81 years). This comprised 1441 examinations in 638 high-risk women aged 24 -51 years (mean age, 40.5 years) and 100 examinations in symptomatic women aged 23-81 years (mean age, 49.2 years).
The symptomatic women were recruited when the study began at each center. It had been intended that each center recruit seven women from the symptomatic clinics who were thought to have breast cancer and seven with an indeterminate lesion in whom a histologic diagnosis would be obtained by means of excision biopsy, core biopsy, or fine-needle aspiration cytologic analysis. These women's cases were called "symptomatic" because they were recruited through the symptomatic clinics. To this would be added the first screening MR examinations of each center (13) . Centers varied in their ability to recruit such patients and in the timing at which they entered the main study. Women were not excluded from the study if they had undergone core biopsy or fine-needle aspiration cytologic analysis prior to MR imaging because evidence from the literature showed that these techniques did not interfere with MR image interpretation (14) .
High-risk women were defined as women known to be BRCA1 or BRCA2 or TP53 gene mutation carriers, women from carrier families, and women whose family history indicated at least a one in two risk of carrying a gene mutation. The detailed family history criteria have been published for our protocol (13) . Family histories of women outside of carrier families were reviewed by a genetic panel, and only those who met the minimum criteria participated. Women who underwent genetic testing during the period of the study and received a negative result were excluded from further participation. High-risk women presenting initially with a lump were excluded, so this was a pure screening cohort.
Our present analysis includes all MR examinations for double-reported symptomatic and high-risk cases undertaken from the start of screening (August 6, 
MR Imaging Protocol
The screening MR examination (protocol A) comprised high-spatial-resolution (512 matrix) T1-weighted sequences performed before and after contrast medium injection, with two three-dimensional coronal acquisitions of lower spatial resolution (256 matrix) before the bolus intravenous injection of 0.2 mmol of gadopentetate dimeglumine (Magnevist; Schering, Burgess Hill, UK) per kilogram of body weight and four to six acquisitions immediately after injection (Table 2 ) (15) . An optional additional fat-suppressed T1-weighted high-spatial-resolution sequence at approximately 8 minutes after injection was allowed if the supervising radiologist preferred this to a subtracted high-spatialresolution sequence late after contrast medium injection. This combination of sequences allows analysis of the time-signal intensity characteristics of any region in the imaging volume of either breast and morphologic examination of high-spatialresolution images.
Patients who were recalled because of an indeterminate MR study scored as "suspicious" (Appendix B) underwent either a high-temporal-resolution examination with 0.1 mmol of gadopentetate dimeglumine per kilogram of body weight (protocol B), concentrated just on the area of the breast where the abnormality was raised on the initial screening MR study (by preference, the protocol recommends that the second MR examination be performed in the sagittal plane, but the radiologist may opt for the coronal plane if this will give better diagnosis of the query), or a repeat of the initial screening MR imaging (protocol A) with 0.2 mmol of gadopentetate dimeglumine per kilogram of body weight; both of these alternatives were to be undertaken at a different phase of the menstrual cycle from the initial imaging. The choice of diagnostic pathway was made by the supervising radiologist, but, in general, diffuse or multiple abnormalities were handled by repeating protocol A and focal lesions were handled by using the hightemporal-resolution examination (protocol B), which covered only the portion of the breast determined by the supervising radiologist. Biopsy was performed in benign lesions when possible, rather than adopting a policy of surveillance, but the study allowed for a repeat 6-month examination with protocol A (16) . Full details of the MR imaging protocol are given in Table  2 and are further described in reference 15. The recall rate has been studied previously and was 10% for MR imaging (17) .
All participating centers had previous experience with breast MR imaging in the symptomatic setting. Forty-four radiologists took part in the MARIBS study during the time period to which these data apply. All radiologists had some experience in breast MR imaging prior to participating in the study, but no test of performance or minimum number of MR examinations was applied to individual radiologists before their participation. The only formal estimate of experience that we have is the number of studies each radiologist analyzed within our main study (median, 37; range, 1-509 of 3082 readings in the period up to February 25, 2003). The readings were performed independently by two radiologists who were blinded to clinical information, the other MR imaging findings, and the mammographic reading results and images. The headers of the MR images on computer screen in some instances contained information on patient date of birth or age, so the readers were not fully blinded to age. Dynamic data were used throughout from the console or workstation.
Scoring System
A scoring system based on morphologic and dynamic contrast material uptake characteristics was devised from the literature available at the time (Appendix B shows these worksheets) (15) . This scoring system had not been previously validated against histologic results, and some users found that their clinical opinion differed from the scoring results. This has been judged from the notes made on the forms or from the subsequent actions taken by the radiologists. Worksheets were also developed to ensure consistency of method in the choice of regions of interest (ROIs) and ROI analysis. The ROI size was selected by the radiologist to encompass as much of the lesion as possible. For heterogeneous lesions, the site showing the most suspicious contrast material uptake was chosen. To ensure consistency, countrywide training of participating radiologists was undertaken to explain the examination and the analysis of images. MR examinations were performed on imagers from four different manufacturers and at two field strengths, 1.0 and 1.5 T. 
Pathologic Review
Pathology reports were reviewed by a pathologist (S.R.L.) to classify lesions as benign or malignant. The pathologists from all 18 centers either participate in the UK breast screening program or operate to equivalent standards and participate in the pathologic and cytologic quality assurance program.
Statistical Analysis
In this report we have analyzed the sensitivities and specificities for the combined readings of two radiologists and for readers 1 and 2 individually, for the original scoring system and for the subsequent radiologic opinion. Calculations of contrast material uptake parameters used in this article have been checked automatically by using the Oracle database (version 7; Oracle, Bracknell, UK) and so do not contain arithmetic errors, whereas our readers made some calculation errors on their handwritten forms.
The probability that a lesion was assessed as requiring analysis and the number of lesions per analyzed image were tested against differences in the length of radiologists' MR screening experience by using logistic regression and Poisson regression, respectively. In both cases, the analysis was adjusted for the reading radiologist, and the sandwich variance estimator (18) was used to account for the nonindependence of the two readings of each image. Correlation between readers was determined by using statistics.
Exact 95% confidence intervals (CIs) of sensitivities and specificities for malignancy were calculated on the basis of the binomial distribution. The effects of different factors on sensitivity (or specificity) were tested by using multiple logistic regression analysis. The factors included in this analysis were machine manufacturer, magnetic field strength, and patient age group. The sandwich variance estimator (18) was used to allow for the nonindependence of different images in the same woman. Statistical significance was determined at the 5% level. All analyses were carried out by using Stata software (version 8.2; StataCorp, College Station, Tex).
RESULTS

Case Material
From a total of 1541 MR examinations performed in 738 women, 2310 ROIs underwent ROI analysis, 2268 lesions were analyzed by means of ROI but were not considered to need histologic analysis, and 91 women were found to have a malignant lesion.
Details of tumor characteristics and the histologic results and MR image interpretations for the benign lesions are given in Tables 3-5. High-risk women (n ϭ 638) remain under the care of a genetics clinic, and their disease-free status was confirmed in August 2004. Twenty-six breast cancers were detected in high-risk women during the study period under analysis. Among 352 women who have undergone one subsequent annual screening with MR imaging and/or mammography (311 with both, 32 with MR imaging alone, and nine with mammography alone), five cancers were detected at screening. Thirty-six women have undergone two subsequent annual screenings with MR imaging and/or mammography (33 with both and three with MR imaging alone), and no cancers were detected in this group. Of those who have not undergone a subsequent imaging examination or who withdrew from the study, 67 have undergone 1-2 years of follow-up and 157 have Note.-DCIS ϭ ductal carcinoma in situ, NA ϭ not applicable, NK ϭ not known, NST ϭ no special type.
undergone more than 2 years of followup. Most will have been offered annual mammography examinations outside the study during this time. One of the 91 cancers detected was classified as "suspicious" by the second reader (and as normal by the first), but it was thought that the lesion had not changed since the previous scan, so no further action was taken. The cancer arose symptomatically 9 months later. In other studies looking at the screening process, this has been classified as an interval cancer; however, in this analysis in which we are examining the scoring system, this lesion was correctly identified by the second reader.
In another woman, a cancer arose 27 months after a negative scan, after which she had withdrawn from the study, and so this has not been classified as an interval cancer. No other breast cancers have been reported. In the symptomatic group (n ϭ 100), breast cancer was diagnosed in 65 women. The 35 women whose conditions were considered normal or benign were followed up between July and September 2003 by contacting the breast clinics where they were treated. For all but two women, this follow-up was more than 2 years after their MR imaging assessment (for the other two women, this follow-up was 11 months and 13 months after assessment). No breast cancers have manifested in symptomatic women whose condition was originally diagnosed as normal or benign.
Performance Change with Experience in the Study
The Figure shows the probability that a lesion required analysis, according to the reader's experience, plotted as a 6-month moving average. The probability reduced significantly as readers' level of experience increased (odds ratio, 0.84 per 6 months of experience; P Ͻ .001). The number of ROIs analyzed for each MR study also decreased with the length of time that the reader had participated in the study (incidence rate ratio, 0.98 per 6 months; P ϭ .047). Table 6 shows the sensitivities and specificities for the readings. All results given here are calculated by using the scoring system, since this was essentially the same as for radiologic opinion (data not shown). It is inappropriate to estimate the positive and negative predictive values from these data since the observed prevalence in the cohort is inflated by the inclusion of the 100 symptomatic cases. The last column of Table 6 shows the sensitivity and specificity based on the reading with the higher score (more likely to be malignant, ie, the more conservative reading) of each double-read study. The titles "reader 1" and "reader 2" reflect the order in which the readings were made, and individual radiologists may fulfill either role; they are therefore likely to be equally experienced. The two readers came to the same conclusion 87% of the time, with a moderately good statistic of 0.52 (95% CI: 0.45, 0.58). Sensitivity was on average 7% higher (95% CI: 4%, 11%) when both readers' reports were used, but specificity was on average 7% lower (95% CI: 6%, 7%) than that for either individual reader. Exclusion of studies read by the radiologist who read 509 examinations led to a double-reader sensitivity of 90% (95% CI: 80%, 96%) and specificity of 80% (95% CI: 77%, 82%), which shows that no bias arose from this reader's interpretations.
Sensitivity and Specificity of Readers Alone and in Combination
There were 205 cases in which the two readers disagreed. One clinician was responsible for the recall decision, but in general this was based on the more conservative (the higher score) of the two readings.
Effect of Manufacturer and Field Strength on Sensitivity and Specificity
We analyzed the sensitivities and specificities for MR imagers from different manufacturers and for magnetic field strength (1.0-T compared with 1.5-T equipment). Results are shown in Table  7 . Results of examinations performed with MR systems from manufacturers 1 and 3 showed similar sensitivities. The lower sensitivity observed for results with manufacturer 2 was based on only seven cancers and thus had wide confidence limits. The specificity was significantly lower for manufacturer 3 than for the other two (P Ͻ .001). The two magnetic field strengths had almost identical sensitivities. The lower specificity observed for the 1.5-T machines was significant when adjusted for machine manufacturer (P ϭ .001). Only three cases, all of malignant lesions, were examined by using equipment from manufacturer 4 (1.5 T), and so no analysis could be undertaken for this model.
Effect of Age on Sensitivity and Specificity
We further looked at the sensitivities related to the age of the woman, since any significant difference here would be of clinical importance. The median age at the time of MR imaging was 42 years (range, 23-81 years). The sensitivity and specificity in the group of patients less than 40 years old were similar to those in the group of patients 40 -49 years old (Table 8 ). There was no significant difference in sensitivity between women older than 50 years and women younger than 50 years, but the specificity was higher in women younger than 50 years (P ϭ .02).
DISCUSSION
The sensitivity achieved at MR screening by using this protocol was approximately 90%, and sensitivity was higher, but specificity was lower, when double reading rather than single reading was used. The sensitivity in this study is lower than that in some small studies but is comparable with that of the Netherlands national multicenter study (10, 20) . This is to be expected when 18 centers and 44 radiologists are involved, and it is probably a much more realistic assessment of the performance that might be achieved if MR screening were to be implemented for high-risk women. In breast screening in the UK, there is a preference for concluding the diagnosis of an indeterminate lesion by using biopsy, and so, where possible, this approach was preferred to surveillance for lesions found and determined to be benign but not seen at US or mammography. There was an option, however, for a 6-month follow-up with protocol A to cover the possibility that such a lesion might have a significant chance of actually being malignant (16) .
The number of ROIs was greater than the number of pathologic diagnoses in women. This is explained by the tendency of readers to record several ROIs by means of dynamic analysis from the enhancing lesions that they found, especially when these lesions were multifocal or heterogeneous.
We were concerned that the scoring system might function differently for the numeric analysis on the different MR imager models or on equipment with different magnetic field strengths. However, we found that neither the difference in equipment manufacturers or the field strength of the magnet materially affected the sensitivity. The specificity for equipment from manufacturer 3 was, however, lower than that for manufacturer 1. The scoring system was devised by a user of equipment from manufacturer 1, and some users of imagers from manufacturer 3 believed that their recall rate was elevated by the tendency of the scoring system to assign a suspicious or malignant score to lesions that they clinically believed to be benign. We therefore had come to suspect that the scoring system might be manufacturer specific.
Although this observed difference must be interpreted with caution, given the heterogeneous nature of the case material there are theoretical reasons why the specificity may be different for equipment from different manufacturers. Because of the differences between the imagers, the pulse sequences available on the imagers, and the scaling of the signal intensities, the change in the signal in-(a) Graph of proportion of cases in which a lesion was analyzed plotted against the number of months the radiologist had worked for the study. Graph shows that the number of lesions diminished steadily with the amount of time the radiologist participated in the study. This may be due to the radiologists having concerns that enhancing highlights in premenopausal women may be clinically important lesions. With more experience, they were confident to regard these bright lesions as physiologic hormonal contrast enhancement and therefore normal (19) . (b) Graph of number of recordings of ROIs in cases in which a lesion was analyzed, plotted against the number of months the radiologist has worked for the study. Graph shows that with more time participating in the study, radiologists became more confident to analyze one ROI than they were initially. Note.-Data in parentheses are 95% CIs. * Sensitivity and specificity are based on the reading with the higher score (ie, more likely to be malignant).
tensity seen after contrast medium administration may vary between the imagers. As a result, when contrast medium is administered, the percentage of enhancement (which determines maximum focal enhancement) and maximum signal intensity-time ratio would also differ. This will affect the quantitative scores. Features dependent on quantitative scores may prove to be of limited value for differentiation when material is taken from centers with machines of different manufacturers. In contrast, the other features, such as morphologic features, pattern of enhancement, and pattern of contrast medium washout (the latter two are essentially descriptive features) may be more robust to machine differences. The details within the scoring system have been statistically evaluated in a separate analysis.
We found that sensitivity did not vary by age, although the specificity was lower in women aged 50 years or older (P ϭ .02). However, only 132 MR examinations were performed in women in the older age group, the majority of whom form part of the symptomatic group. These cases therefore may not be representative of the lesions that would be found in a screening study of women of this age. The readers were not fully blinded to the age of the patient, which may have produced a bias.
A limitation of this analysis is that we presented reporting performance on a study population from high-risk screening enriched by a cohort of symptomatic patients. This analysis was undertaken to validate the experimental scoring system and to show the range of diagnostic performance of the participating radiologists. A further limitation is that many of the symptomatic patients were outside the age range of the screening population, which was not as intended. The symptomatic cohort was defined as being destined to receive a cellular diagnosis and so the distribution of cases is likely to be subject to verification bias. The screening cohort was included to give sufficient power to the sensitivity calculation. The use of equipment from different manufacturers was both a limitation and a strength. The limitation is in the difficulties in the numerical values of the scoring system; the strength is in that this study represents the range of variation to be expected if high-risk screening were to become generally available. A further potential limitation of the study was the paucity of suitable biopsy equipment in the UK for obtaining a histologic diagnosis in women in whom an abnormality at MR imaging could not be identified at mammography or US. Nevertheless, non-MR imaging methods are very well developed in the UK's National Health Service Breast Screening Programme; some cases were concluded at surgical biopsy, and few interval cancers have emerged. There remains the possibility that additional malignant lesions have not yet had time to emerge, some of which may be ductal carcinoma in situ, since this diagnosis is subject to less distinctive MR imaging features and has a longer lead time. It might be of interest to compare the sensitivity and specificity with those achieved for mammography, but we are not able to do this as we do not have prospective readings for mammograms in the symptomatic cases. Since this is the primary end point of the full study we are not able to include those results for the screening population in this report. The results of the main trial (11) detail the sensitivity and specificity for the pure screening population for MR imaging and mammography together with the cancer detection from screening.
In conclusion, readers in this study achieved acceptable levels of sensitivity and specificity that were comparable with those of the Netherlands national multicenter study. Higher sensitivity is needed in a screening context, and the double reading policy appears to achieve this. Our readers showed a change in behavior with the amount of time working within the study and recorded fewer lesions per examination and fewer analyses per lesion as level of experience increased. We found no significant differ- Note.-Data in parentheses are 95% CIs. Sensitivities and specificities were based on the scoring system from the more conservative reading of the two readers. Note.-Data in parentheses are 95% CIs. Sensitivities and specificities were based on the scoring system from the more conservative reading of the two readers. * Compared with the patient group less than 40 years old.
Volume 236 ⅐ Number 3 Dynamic Contrast-enhanced MR Imaging of the Breast ⅐ 785 ence in sensitivity between makes of scanner or between equipment of different field strengths. Differences in specificity may reflect the loading assigned to values in the scoring system. Age had no effect on sensitivity, but for women over 50 years the specificity was not as good as that for younger women.
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